In a preceding communication' we presented electron paramagnetic resonance (EPR) evidence for the existence of labile free radical forms of catecholamine hormones and adrenochrome following rapid oxido-reductions with inorganic reagents in vitro. Although the relevance of these demonstrations to the primary physiochemical interactions of hormones in vivo was left open, generalization of the findings to other hormones emphasizes the possible involvement of free radical reactions. This report concerns similar EPR studies of free radicals formed from small hormone molecules of the thyronine, indole, and estrogenic steroid classes and from one protein hormone, insulin.
In a preceding communication' we presented electron paramagnetic resonance (EPR) evidence for the existence of labile free radical forms of catecholamine hormones and adrenochrome following rapid oxido-reductions with inorganic reagents in vitro. Although the relevance of these demonstrations to the primary physiochemical interactions of hormones in vivo was left open, generalization of the findings to other hormones emphasizes the possible involvement of free radical reactions. This report concerns similar EPR studies of free radicals formed from small hormone molecules of the thyronine, indole, and estrogenic steroid classes and from one protein hormone, insulin.
Experimental.-As in the previous article,' an improved high velocity continuous flow apparatus adapted for EPR spectroscopy was used. This has been described elsewhere. 2' 3 Spectra usually were scanned in about 3 sec, but some scans required 5-6 sec. Volume flow rates ranged from 4 to 17 ml/sec with reactants kept equimolar at concentrations of 1-2 X 10-2 M.
In the figures, magnetic field increases from left to right. The uncertainty in gvalue is approximately 4-0.001.
Results and Discussion.-Thyronines: Stimulation by thyroxine analogues of horseradish peroxidase action on a number of donor substrates led Klebanoff to a broad implication of free radical intermediates by analogy with previous analyses of other peroxidase reactions.4 A subsequent study of similar stimulation of peroxidase oxidation of sulfite led to an explicit citation of thyroxine free radicals as probable reaction intermediates.5 The presence of free radicals of thyroxine or of its analogues also has been inferred from the effect of thyroxine on copper-stimulated ascorbic acid oxidase,6 from structure-activity correlations of the inhibition of thyroxine degradation by microsonial systems,7 anid from analysis of light-stimulated deiodina-tionI of thyroxine by liver homogenates.A A protein-bound quinoid free radical of thyroxine was proposed to explain the behavior of various in vitro oxidation reactions of the hormone and the mietabolisnm of several of its analogues.9
Despite these speculations, explicit confirmation of thyroxine free radicals apparently has not been made previously. Other hormonal radicals we investigated turned out to be very short-lived,' perhaps explaining the lack of EPR data heretofore. However, the thyroxine-like iodinated thyronines proved to be exceptions to this general finding: although their free radicals formed "instantly," they were remarkably stable (minutes to hours) at alkaline pH's.
The spectrum of thyroxine stoichiometrically oxidized in alkaline solution by one electron equivalent of ferricyanide or other oxidant ( Fig. 1 ) was typical of the halogenated thyronines we examined. Triiodothyronine and tri-and tetraiodinated acetic and propionic acid derivatives manifested EPR spectra essentially identical 829 to the broad singlet of Figure 1 . Although iodide ion, iodine in solution, KI oxidized by KMnO4 in N/10 NaOH solution, and other reactants and selected reaction products tested separately did not give rise to similar EPR signals, the absence of EPR hyperfine structure (e.g., Fig. 1 ) made the identification of phenoxy radicals more difficult.
On the other hand, oxidation of unhalogenated thyronine produced a transient free radical with EPR hyperfine detail (Fig. 2 ).10 In a similar fashion, the phenoxy radical of tyrosine showed EPR hyperfine structure.2 Yet monoiodotyrosine gave a radical with less well-resolved spectral detail, while the unstable radicals from dibromoor diiodotyrosine again revealed only structureless broad singlets upon EPR. Apparently, halogenation of tyrosines is a cause of spectral irresolution.
The broadening due to halogenation may derive from g-value anisotropies associated with the appreciable spin-orbit coupling of the halogen moieties on which the unpaired electrons are delocalized."l Presumably the effect seen with tyrosine also applies to halogenation of thyronine, since it is the phenyl ether of tyrosine. Tryptamine (in acid) .croctontiin (in l I k.) The slightly greater g-value of thyroxine ( Fig. 1 ) than of thyronine ( Fig. 2 ) is consistent with a spin-orbit coupling parameter associated with iodine.1' However, significant differences do exist between iodotyrosine and iodothyronine radicals. For example, the greater lifetimes of iodothyronine free radicals in alkali signifies a further stabilizing role of the iodine substituents on the phenyl rings of thyronine. Indole hormones: Adrenochrome, an indolized oxidation product of epinephrine, was found to form metastable free radicals upon both oxidation and reduction in vitro.' Indole itself and tryptophan reacted slowly with oxidants in alkaline solution and did not reveal EPR. In acid both were oxidized to free radical products with broad single line EPR spectra. However, tryptamine gave an unstable radical with EPR hyperfine structure (Fig. 3 ). Thus one might also expect to find EPR evidence for free radicals of indole hormones.
Although specific verification of such radicals has not been reported before, their existence has been hypothesized by several authors. Isenberg, Szent-Gy6rgyi, and Baird'2 reacted serotonin (5-hydroxytryptamine) with oxidized flavin mononucleotide in acid. They concluded that the EPR spectrum of the mixture suggested the presence of some superimposed signal that altered slightly the shape of the characteristic flavin semiquinone resonance tracing."2 A slight stimulation of ceruloplasmin oxidase activity by serotonin implied the possible existence of a serotonin free radical intermediate, according to Walaas and Walaas.13 Alivisatos and Williams-Ashman argued similarly regarding the existence of a phenoxy radical form of serotonin in its nonenzymic mediation of pyridine nucleotide oxidation by cytochrome c. 14 A free radical from an indole hormone active in plants, indole acetic acid, also was inferred, following analysis by Yamazaki and Souzu of the kinetics and stoichiometry of its oxidation by turnip peroxidase.1
Our data provided conclusive evidence for a free radical from serotonin ( Fig. 4 )L Although the EPR spectrum from serotonin ( Fig. 4) resembled that from tryptamine ( Fig. 3) , the pH of the reaction differed markedly in the two cases. Furthermore, EPR from serotonin in acid proved elusive, while permanganate oxidation in alkaline solution (Fig. 4) probably was complex. The latter point was implied by curves of stopped flow kinetics, which indicated a two-phase decay of the EPR signal ( Fig. 5) , suggestive of two possible free radical species in the reaction. A spectrum also was obtained from a serotonin free radical at neutrality (Fig. 6 ). The weak signal could be recorded only with modulation amplitudes sufficiently broad to obscure any hyperfine splitting that might exist (Fig. 6 ).
Oxidation in acid produced transient free radicals from other indoles that possess hormonal activity in plants. Indole butyric acid yielded an EPR spectrum (Fig. 7) virtually indistinguishable from that of tryptamine (Fig. 3) . The spectrum from indole acetic acid appeared slightly less well resolved (Fig. 8 ), but it also resembled EPR from tryptamine (Fig. 3) . EPR from 5-hydroxyindole acetic acid was like that from its congener, serotonin, and was also obtained best in alkali.
Estrogens: Phenolic steroids, namely estrogens, have been implicated in free radical reactions in vitro by several authors. Stimulation of peroxidatic oxidations of pyridine nucleotides by estrogens led Williams-Ashman and co-workers to conclude that estrogens might effect hydrogen transport via a reversible phenol-phenoxy radical reaction. '6 In his studies of peroxidase reactions cited earlier,4 5 Klebanoff also proposed that free radicals of estrogen existed as reactive intermediates. M\ore recently, Jellinck and Irwin proposed that phenoxy free radicals of estradiol and estrone had been formed in their incubations of estrogens with catechol oxidase in the presence and absence of ethylene diamine. 7
We were able to establish the existence of free radicals of estrogens through EPR studies with the high-velocity flow apparatus. Rapid reactions of the hormones with oxidants of one-electron equivalency were achieved in acidic solutions of aqueous dimethylformamide (DMF). The stability of the radicals produced varied slightly with different ratios of the solvents, but the spectral splittings and patterns did not change significantly. The EPR spectrum of the phenoxy radical from 17-fl-estradiol is given in Figure 9 . Estradiol, estriol, and estrone all yielded the same hyperfine structural pattern. This is consonant with aryloxy radical formation wherein the odd electron delocalizes over the phenolic A-ring that is common to the estrogenic steroids.
Should the free radical hypothesis be relevant to at least some of the primary chemical steps that initiate estrogenic responses, then free radicals should also be demonstrable from structurally different synthetic substitutes under similar circumstances. In point of fact, EPR evidence of free radical formation was secured from all the nonsteroid estrogens tested, using ceric oxidations in aqueous DMF. Stilbestrol gave rise to a transient broad singlet on EPR of its radical product, but the spectra from the diethylstilbestrol and hexestrol free radicals could be well resolved (Figs. 10, 11 ). Stopped-flow kinetics showed that the estrogenic radicals formed under these conditions were short-lived. In Figure 12 the buildup and decay of the signal intensity from the phenoxy radical of diethylstilbestrol were faster than the response time of the stopped-flow system employed for the recording.
Insulin: It has been assumed that free radical moieties on large proteins in solution cannot manifest isotropic hyperfine structure upon EPR. 18 The inertia of massive macromolecules has been supposed to reduce Brownian tumbling to the point where randomization of anisotropic interactions fails to occur. (M/20 Na2CO3). g = 2.003. acetonitrile); (NH4)2IrCl6 (50% water, 50% acetonitrile). g = 2.0035 for insulin in 50% acetonitrile (Figs. [14] [15] [16] .
to identify the EPR of the ephemeral free radical produced by oxidation of casein solutions as stemming from one or more of casein's tyrosyl substituent groups.20
The protein hormone, insulin, resembles casein in its high tyrosine content and the absence of free sulfhydryl groups. Other laboratories have studied carefully the biological inactivation of insulin as a function of its progressive iodination. 21, 22 Their evidence has implicated the B-26 tyrosyl group of insulin in the hormone's functional locus22 or "active site."'21 Furthermore, our electrochemical measurements indicated that the initial oxidation reactions of insulin probably derived from its tyrosyl residues.
Whether unstable tyrosine phenoxy radicals formed on insulin might therefore be related to the proximal steps of its intrinsic hormonal activity cannot be argued here. Nevertheless, two observations are germane: (1) Randle and Smith23 have advanced-a persuasive hypothesis that insulin may act also as an uncoupler of oxidative phosphorylation; and (2) it has been proposed that the uncoupling effects of certain other agents may result from reactions of their free radical forms to shunt some steps of coupled metabolic electron or energy flow. Oxidation of insulin in the continuous flow apparatus produced a very short-lived free radical in aqueous solutions. A partially resolved, five-line EPR spectrum was recorded (Fig. 13 ). This remained qualitatively unchanged as the pH of the reaction varied from below 2 to nearly 11, using different oxidants. The weak fiveline spectrum exemplified by Figure 13 strongly resembles an instrumentally overmodulated spectrum from similarly oxidized L-tyrosine,3 suggesting that partial thermal averaging of EPR anisotropies had occurred on insulin. Accordingly, oxidation in a solvent of lower viscosity might reduce the anisotropic contributions to line width25 and thereby sharpen the resolution of hyperfine structure. In the case of casein, oxidation in 50 per cent acetonitrile (AN) did permit successful resolution of the EPR spectrum into a detailed pattern that was clearly identifiable with that from L-tyrosine monomers.20
Oxidation of alkaline insulin by chloriridate in 50 per cent AN failed to resolve further the EPR spectrum of the transient free radical, even when relatively low modulation amplitudes were employed (Fig. i4 ). In the pH range closer to neutrality the same five-line EPR pattern persisted (Fig. 15 ). These observations might be explained if, in native insulin, the reactive tyrosyl groups were more tightly confined by the main protein chains than was the case with casein. Support for this interpretation was gained from experiments that will be published in detail elsewhere. Incubation of insulin in aqueous buffers or in 50 per cent AN over the pH range of 1.7-10.8 did not alter its electrophoretic behavior or homogeneity and did not release more titrable amino groups, according to the formol titration method. 20 However, in N/40 NaOH and 50 per cent AN, insulin was degraded by peptide chain scission or separation, as betokened by multiple electrophoretic bands and an increase in the amino groups that were titrable in formol.20 This is consistent with the known irreversible inactivation of the hormonal effects of insulin upon incubation in N/30 or N/20 aqueous alkali.26 27 EPR of the ephemeral free radical formed by oxidation of insulin in N/40 NaOH and 50 per cent AN appeared to confirm that the reactive tyrosines on the degraded insulin had greater freedom to interact with the thermal motion of the solvent than had been the case on the native hormone molecule: In lieu of the unresolved five-line EPR pattern obtained from the tyrosyl radicals on native insulin (Figs. 14, 15 ), a more detailed spectrum was recorded in stronger alkali ( Fig. 16 ). Although the signal-to-noise ratio represented by Figure 16 is marginal, further perusal of similar spectra leaves little doubt that the free radicals formed by oxidation of insulin and of casein in N/40 NaOH and 50 per cent AN give rise to identical EPR spectra. Both of these, in turn, can be identified with the spectrum of similarly oxidized L-tyrosine.2 3 Those minor differences which persist presumably reflect the influence of the protein environment on the tyrosyl radicals formed on casein or degraded insulin.20
Summary.-Our preceding article' presented EPR evidence for the existence of labile free radicals formed from catecholamine hormones and adrenochrome by inorganic redox agents in a high-velocity liquid flow system. EPR data given in this article confirm the existence of hormonal free radicals (mostly for the first time) from iodothyronines, indole hormones (serotonin, indole acetic and butyric acids), estrogens (steroids and nonsteroidal synthetics), and one protein hormone (insulin)
D-MANNOSE AS A CONSTITUENT OF THE DNA OF A
MUTANT STRAIN OF BACTERIOPHAGE SP8 BY EUGENE ROSENBERG* DEPARTMENT OF BACTERIOLOGY, UNIVERSITY OF CALIFORNIA (LOS ANGELES)
Communicated by Emil L. Smith, February 2, 1965 The deoxyribonucleic acid (DNA) of the Bacillus subtilis bacteriophage SP81 yields two strands of different density when denatured.2 During the course of an investigation on the relative kinetics of in vivo DNA synthesis by the different strands of a mutant of SP8, it was observed that when the phage DNA was made radioactive with both C14 and p32 the C14/P32 ratio of the two strands differed
